Background-Survivors of pediatric cancer have elevated risks of mortality and morbidity. Many adverse late effects associated with cancer treatment (e.g. second cancers, cardiac and pulmonary disease) are also associated with cigarette smoking, suggesting survivors who smoke may be at high risk for these conditions.
Introduction
Progress in biology and therapy have dramatically improved outcomes for pediatric cancers, with overall five-year survival rates now exceeding 80%. 1 This improvement in survival prompted increased emphasis on the long-term health of survivors, who maintain an elevated risk of mortality and morbidity compared to the general population many decades after their initial cancer treatment. [2] [3] [4] Childhood cancer survivors have an increased risk of second cancers, pulmonary complications, cardiac disease, fertility impairments, and many other adverse late effects. [4] [5] [6] [7] [8] [9] Smoking is an established risk factor for many of these outcomes in the general population, suggesting that childhood cancer survivors who smoke may have particularly elevated risk that may be partially preventable. Therefore, it is essential to characterize smoking behaviors among childhood cancer survivors across their lifespan, and to identify opportunities for promotion of smoking prevention and cessation in this high risk group.
Numerous studies have examined smoking prevalence in childhood cancer survivors, and some have identified risk factors for smoking initiation or cessation. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] However, these studies have typically included data from only a single questionnaire, precluding them from detailing changes in smoking behaviors over time. The prevalence of smoking in the general population has decreased in recent decades in the United States, 20 but it is unclear how this temporal trend has impacted smoking in childhood cancer survivors. At the individual level, identification of characteristics associated with long-term smoking patterns could inform future prevention and control efforts.
A previous analysis by Emmons et al. examined smoking behaviors in survivors of childhood cancer using data from the baseline questionnaire of the Childhood Cancer Survivor Study (CCSS), which was administered starting in 1994. 12 The goal of the present study was to extend that work by examining smoking status reported in two subsequent CCSS follow-up questionnaires completed on average 8 and 13 years later, comparing the prevalence of smoking among survivors, siblings, and the comparable U.S. general population. Additionally, we examined long-term participants in CCSS to identify characteristics associated with patterns of consistent never smoking status or consistent current smoking status.
Materials and Methods

Population
The CCSS, described in detail previously, [21] [22] [23] is a retrospective cohort study of five year survivors following diagnosis prior to age 21 years with selected cancers (leukemia, central nervous system tumors, Hodgkin lymphoma, non-Hodgkin lymphoma, kidney tumors, neuroblastoma, soft tissue sarcoma, and bone tumors) at one of 26 collaborating institutions between January 1, 1970 and December 31, 1986 . The study was approved by the Institutional Review Board at each institution, and participants provided informed consent. A total of 14,358 returned the baseline questionnaire, and participants were very similar to non-participants with regard to gender, cancer diagnosis, age at diagnosis, age at contact, and type of cancer treatment. Race/ethnicity could not be compared because these data were not available for non-participants. 21, 22 Follow-up questionnaires that included smoking questions were administered beginning in 2003 (referred to here as follow-up 1 or FU1) and 2007 (referred to here as follow-up 2 or FU2) to participants who were alive and had not refused further participation in the study. The mean time intervals from baseline (administered 1994-1999) to FU1 and FU2 were 7.6 and 12.5 years, respectively. Participants less than 18 years of age at the time of the questionnaire were excluded from the current analysis due to the use of parental report data, as were those who completed the questionnaire but failed to provide data on smoking status. Figure 1 describes participation flow for the cohort included in this study from baseline to FU2.
A randomly selected population of 4023 siblings of childhood cancer survivors in CCSS was recruited to serve as a comparison group and completed the baseline questionnaire. 21 Of these, 73% and 59% completed FU1 and FU2, respectively. Data on the prevalence of smoking status in the general population were obtained from the National Health Interview Survey (NHIS), a cross-sectional household interview survey providing information on the health of the civilian non-institutionalized population of the United States. 24
Primary Outcomes
Self-reported smoking status was derived from two items repeated across all questionnaires. Participants were asked whether they had ever smoked at least 100 cigarettes in their lifetime, and then if they answered "yes", whether they currently smoke cigarettes. Based on answers to these questions participants were categorized as never smokers (<100 cigarettes smoked during lifetime), former smokers (≥100 cigarettes during lifetime, but not smoking currently on some or all days), or current smokers (≥100 cigarettes during lifetime and currently smoking on some or all days) at each questionnaire time point.
Data on radiation and chemotherapy treatments received during the first 5 years after childhood cancer diagnosis were abstracted from medical records. Region-specific dosimetry data were calculated for recipients of radiotherapy, and survivors were categorized by whether they had received cranial or chest radiation of any dose. 25 Chemotherapeutic agents were categorized based on existing evidence as toxic to the heart (anthracyclines) or pulmonary system (bleomycin, busulfan, carmustine (BCNU), lomustine (CCNU), or cyclophosphamide). Self-reported medical condition data were used to categorize chronic health conditions using the Common Terminology Criteria for Adverse Events, version 4.0, as previously described. 3, 26 Participants completed the Brief Symptom Inventory-18 (BSI-18) as part of the baseline questionnaire, and those with T-scores of 63 or higher on any of the depression, anxiety, or somatization subscales were categorized as having psychological distress. 27, 28 Heavy alcohol drinking was defined as >4 drinks per day or >14 per week for men and >3 drinks per day or >7 per week for women.
Statistical Analysis
Descriptive statistics were calculated for participants in each questionnaire, and baseline characteristics were compared between participants in the baseline questionnaire who did and did not provide smoking status information in the FU1 questionnaire. To account for differential attrition by factors potentially related to smoking status (e.g. sex, race, education, household income; see Supplemental Table 1 ), we used multiple imputation to assign smoking status values to participants who were age ≥18 years at baseline but did not complete the FU1 questionnaire or did not answer the smoking status questions, excluding those who died prior to FU1 (see Supplementary Materials for details).
We examined the cross sectional prevalence of smoking status among childhood cancer survivors and siblings at least 18 years of age based on respondents to each of the baseline, FU1 and FU2 questionnaires. To assess the potential impact of attrition bias, we also carried out a sensitivity analysis comparing prevalence estimates in FU1 with and without inclusion of participants with imputed smoking status. Due to the lengthy time interval since baseline, we did not impute smoking status for non-respondents to the FU2 questionnaire and thus presented only the prevalence among those who responded.
To compare the prevalence of smoking status in CCSS participants with that in a comparable U.S. general population at similar points in time, we used NHIS population age-, sex-and race-specific prevalence rates of smoking from 1997, 2003 and 2007. The baseline CCSS data were collected from 1994-1999; we used NHIS 1997 for comparison because a revised format of the NHIS survey was instituted in that year. The expected prevalence of smoking among CCSS survivors if they had the same smoking prevalence as the U.S. population was calculated by weighting the U.S. age-, sex-and race-specific prevalences by the distribution of these factors in CCSS survivors.
Longitudinal data provided by participants who completed all three CCSS questionnaires (baseline, FU1 and FU2) were utilized to evaluate long term smoking patterns. Survivors were categorized first as either consistent never smokers (i.e. those who reported never smoking on all questionnaires) or ever smokers. Ever smokers were then further categorized as either consistent current smokers (i.e. those who reported current smoking on all 
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Author Manuscript Author Manuscript questionnaires) or quitters (i.e. those who reported former smoking, except those who then reported current smoking on FU2).
Among all participants with three smoking status reports, we identified characteristics associated with consistent never smoking compared to ever smoking using generalized linear models with robust variance estimation to account for within subject correlation. A log-link function was used to directly obtain relative risks (RR) and 95% confidence intervals (95% CI) from multivariable models including age at diagnosis (0-9 years; 10-20 years), age at last questionnaire (<30 years; 30-39 years; ≥40 years), sex, race/ethnicity (non-Hispanic white; other), household income (<$20,000 per year; $20,000-$59,999; ≥ $60,000), education (high school or less; some education after high school), presence or new development of severe/disabling/life-threatening chronic conditions (CTCAE grade 3 or 4), psychological distress (yes/no), heavy alcohol drinking (yes/no), and receipt (yes/no) of the following treatments: cranial radiation therapy, chest radiation, cardio-toxic chemotherapy, and pulmonary-toxic chemotherapy. Similar methods were used to identify factors associated with quitting compared to consistent current smoking among all ever smokers.
Results
The 9397 survivors ≥18 years of age at baseline were 53% male and were predominantly less than 35 years of age (87%, mean age 28 years), non-Hispanic white (84%), and had received some education beyond high school (65%). In addition to being older, participants in FU1 and FU2 were more likely to be female, non-Hispanic white, and in higher categories of household income and education compared to baseline (Table 1 ). They were also younger at childhood cancer diagnosis, more likely to have been diagnosed with leukemia or kidney tumors, and less likely to have been diagnosed with Hodgkin lymphoma or cancers of the central nervous system.
The prevalence of current smoking among participating CCSS survivors at baseline was 19%, compared to the 29% that would have been expected based on prevalence rates in the U.S. population at the time of the survey and the 24% reported among siblings ( Figure 2 ). Current smoking among survivors was less common in the subsequent questionnaires, dropping to 16% at FU1 and 14% at FU2, with corresponding increases in the prevalence of former smoking (12% at baseline; 16% at FU1; 19% at FU2). Similar decreases in the prevalence of current smoking were observed after standardization to U.S. general population rates (24% in 2003; 20% in 2007) and in siblings (20% at FU1; 16% at FU2). After imputation to account for non-respondents in FU1, the prevalence of current smoking in survivors increased from 16% to 17% (Supplemental Table 2 ).
Among survivors who completed all three questionnaires (mean age 40 years at FU2), 72% maintained never smoking status. In multivariable models (Table 2) , consistent never smoking was significantly, although modestly, associated with higher household income (RR=1.16), higher education (RR=1.32), and receipt of cranial radiation as therapy for childhood cancer (RR=1.08). Older age at cancer diagnosis (RR=0.94) and older age at last questionnaire (RR=0.86) were significantly inversely associated with never smoking, as were psychological distress (RR=0.86) and heavy drinking (RR=0.64). Notably, there was no association with receipt of chest radiation or chemotherapy known to be toxic to the lungs or heart nor with the development of severe or disabling chronic health conditions. Univariate associations were not substantively different from the multivariable model results listed in Table 2 .
Of 1292 participants who reported ever smoking at FU2, 63% reported they were not currently smoking, suggesting at least temporary success in quitting. Among participants who initiated smoking at some point in their lives, characteristics significantly associated with quitting ( Table 2) included higher household income (RR=1.17) and higher education (RR=1.23). Receipt of cranial radiation was inversely associated with quitting (RR=0.86), indicating that those who received cranial radiation were more likely to remain current smokers over the course of follow-up. Psychological distress was also significantly associated with continued current smoking (RR=0.80).
Discussion
In this study we extended previous analyses of smoking in CCSS participants by incorporating data from two follow-up questionnaires, showing a modest decline in the prevalence of current smoking from 19% at baseline to 17% and 14% among those participating on average 8 and 12 years later. This decline appears to be consistent with broader temporal and age-dependent trends in smoking status in the U.S., as evidenced by similar decreases in current smoking reported for siblings and the comparable general population. The more recent estimates suggest that while survivors continue to smoke at a rate below those of siblings and the general population, the prevalence of current smoking remains high for a group already at risk for poor cardiopulmonary outcomes and second cancers, emphasizing the importance of continued smoking prevention and cessation efforts in this group.
Although smoking has been clearly linked to risk of numerous chronic health conditions, 29 neither having one or more severe/disabling/life-threatening chronic health conditions at baseline nor developing such a condition during follow-up were associated with longitudinal smoking status patterns in CCSS participants. This novel result reflects the powerful influence of nicotine addiction in smokers and emphasizes the need for increased efforts to reinforce the substantial negative impact of beginning or continuing to smoke in childhood cancer survivors. There may be opportunities to leverage the fact that many survivors have already experienced adverse effects of their cancer treatment, potentially increasing the saliency of anti-smoking messages. Survivors experiencing chronic health conditions likely have increased interaction with the healthcare system, so increased emphasis on addressing tobacco use in the clinical setting (e.g. as recommended in Public Health Service guidelines 30 ) is particularly important in this group.
Survivors who may be at risk for pulmonary or cardiac late effects due to their initial cancer therapies had similar patterns of smoking prevalence to those not exposed to agents with known toxicity, suggesting a need for additional education regarding the potential for smoking to exacerbate already elevated risk levels. This finding extends that of Emmons et al. from the CCSS baseline questionnaire alone, where receipt of pulmonary-toxic treatment was inversely associated with ever initiating smoking, but not with overall prevalence of current smoking. 12 Similarly, our results confirm that receipt of cranial radiation therapy was associated with a long-term never smoking pattern, but also with not quitting over time among survivors who ever smoked. Cranial radiation has been associated with neuro-and neuropsychological impairments ranging from mild to severe that may leave survivors more dependent on others or living in restricted environments, potentially limiting their opportunities to smoke or exposure to situations that facilitate smoking initiation. 12, 13 The mechanism for an inverse association between cranial radiation and quitting is unclear, but may be related to neurocognitive deficits. The inverse association between older age at diagnosis and never smoking may reflect smoking initiation prior to cancer diagnosis in teens.
Our results concur with existing evidence in childhood cancer survivors and the general population that both lower household income and lower education are associated with becoming and remaining a current smoker. 12, 13, 31, 32 Similarly in line with previous research, the presence of psychological distress or heavy alcohol drinking at the baseline questionnaire was inversely associated with never smoking, and ever smokers with psychological distress were less likely to quit. 33, 34 Although our study assessed prevalence and thus was not designed to determine temporality of these associations, both alcohol and psychological distress should be considered in design of interventions.
The previous study in CCSS by Emmons et al. reported 17% current smoking at baseline. 12 Our analysis differed in that we excluded participants with missing smoking status at baseline, resulting in the 19% current smoking reported here. Our results extend previous work in CCSS and other studies by providing more recent prevalence estimates with data 13 Similarly, in CCSS, the rate of smoking initiation in survivors at baseline was 27% less than expected based on the general population rates, whereas the rate of smoking cessation was 22% higher than expected. 12 Our results suggest a modest decline in the prevalence of current smoking over time among survivors, with a similar decline among siblings over the same time period, reflecting smoking trends in the general population.
The relevant literature on smoking prevention and cessation interventions in childhood cancer survivors has been reviewed elsewhere, 34, 35 but two cessation interventions are noteworthy for having been conducted within the CCSS cohort. The Partnership for Health Study (PFHS) was a randomized controlled trial in which 796 current smokers from CCSS were randomized to either self-help or a peer-led telephone counseling intervention. 36 The self-reported quit rate was modestly but significantly higher in the counseling intervention group compared to the self-help group at 12 months (15% vs. 9%) and remained significant among those followed-up again at 2-6 years post-randomization. 37, 38 Only 15% of current smokers in our analysis of longitudinal smoking patterns were participants in the PFHS trial, and among this subgroup there was no difference in smoking status by intervention versus control group. Another randomized controlled trial randomized 519 smokers to two different tobacco quitline interventions that also included nicotine replacement therapy. 39 Notably, recruitment for this intervention occurred after completion of the follow-up questionnaires. Although self-reported cessation rates in the trial were comparable to other intervention studies in survivors (7 day point prevalence = 21%), the rates of cotinine-verified smoking cessation in both quitline groups was less than 2% at 12 months. These intervention studies highlight how difficult it is to meaningfully change long-term smoking behavior, but the substantial number of CCSS survivors who self-reported consistent current smoking in our analysis clearly calls for continued work in this area. A recent study demonstrating that even moderate smoking exposure negatively impacted pulmonary function in a relatively young group of childhood cancer survivors (median age 35) emphasizes the importance of early intervention. 40 Notable strengths of our analysis included the large cohort of childhood cancer survivors, the wealth of data collected in CCSS on demographic and treatment characteristics, the ability to examine the impact of chronic health conditions, and collection of smoking status data at multiple points in time. A clear limitation is reliance on self-reported smoking status.
In their quitline intervention study, Klesges et al. reported that 80% of participants claiming abstinence from smoking who underwent cotinine testing failed biochemical verification. 39 Our prevalence estimates for current smoking in CCSS are likely underestimates of the true smoking prevalence, although the magnitude of misclassification may be smaller in a cohort study where participants do not feel pressure to meet the goals of an intervention study. 41 Childhood cancer survivors may be less likely to report current smoking compared to siblings, and those participating in CCSS may have higher socioeconomic status than nonparticipants, both of which may further contribute to underestimation of current smoking. Never smoking was defined as less than 100 cigarettes smoked during the lifetime, which may have misclassified some emergent smokers who had just started smoking as never smokers. Attrition bias is a potential limitation of our analyses of the CCSS follow-up questionnaires, as factors associated with continued study participation were also associated with smoking. We accounted for attrition bias by employing multiple imputation to obtain smoking status for the full cohort at the FU1 questionnaire, finding only a modest impact on the prevalence of current smoking (17% versus 16%). The impact of attrition bias may have been greater for the FU2 questionnaire, and the reported 14% prevalence of current smoking is likely an underestimate. Finally, examination of characteristics associated with long term smoking patterns was limited to the subgroup of survivors who were age 18 years or older at baseline and completed both follow-up questionnaires, resulting in a sample with overrepresentation of non-Hispanic whites and survivors with higher income and education.
Childhood cancer survivors have elevated risks for a wide range of adverse health outcomes, and those risks continue to increase with advancing age. 42, 43 By age 50 years, the majority of survivors have experienced a severe, disabling, or life-threatening event or death. Thus, it is important to monitor the health behaviors of aging survivors and to identify opportunities to prevent further increases in risk. Our results from continued follow-up of a large cohort of childhood cancer survivors indicate that 14% or more of survivors continue to be current smokers, further exacerbating risk of morbidity and mortality. Effective interventions in this population are urgently needed, particularly targeting survivors at the highest risk of adverse 
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